Bacterial adhesion is a critical step for colonization of the host. The pioneer colonizer and commensal bacterium of the human gastrointestinal tract, Streptococcus salivarius, has strong adhesive properties but the molecular determinants of this adhesion remain uncharacterized. Serine-rich repeat (SRR) glycoproteins are a family of adhesins that fulfil an important role in adhesion. In general, Gram-positive bacterial genomes have a unique SRR glycoproteinencoding gene. We demonstrate that S. salivarius expresses three large and glycosylated surfaceexposed proteins -SrpA, SrpB and SrpC -that show characteristics of SRR glycoproteins and are secreted through the accessory SecA2/Y2 system. Two glycosyltransferases -GtfE/F -encoded outside of the secA2/Y2 locus, unusually, perform the first step of the sequential glycosylation process, which is crucial for SRR activity. We show that SrpB and SrpC play complementary adhesive roles involved in several steps of the colonization process: autoaggregation, biofilm formation and adhesion to a variety of host epithelial cells and components. We also show that at least one of the S. salivarius SRR glycoproteins is important for colonization in mice. SrpA, SrpB and SrpC are the main factors underlying the multifaceted adhesion of S. salivarius and, therefore, play a major role in host colonization.
Introduction
The human body harbours a diverse and dense population of commensal bacteria, which exerts key functions in terms of nutrition and health. Bacterial adhesion to host surfaces is one of the primary steps in colonization of host tissues and in formation of beneficial interactions between commensal bacteria and their host. Although early life colonization appears to be a crucial period for future health and disease, our knowledge of the adhesion and colonization attributes of commensal early colonizing bacteria remains limited.
Streptococcus salivarius is a ubiquitous human commensal bacterium that plays important roles in oral and in digestive tract ecology (Delorme et al., 2015) and in immune system modulation (Kaci et al., 2014; Couvigny et al., 2015b) . This bacterium is one of the first bacterial species to colonize the mucosa in the first few days after birth (Pearce et al., 1995) and is maintained as a dominant population in the human oral cavity and upper airways throughout life (Nakajima et al., 2013) . This initial colonizer is also one of the primary inhabitants of the human intestinal tract (Favier et al., 2002; Park et al., 2005) and can be detected in the microbiota of the adult stomach, jejunum, ileum, cecum and rectosigmoid colon (Hayashi et al., 2005; Hakalehto et al., 2011; van den Bogert et al., 2013) . In addition to the digestive tract, S. salivarius strains have been isolated from skin, human blood and breast milk (Delorme et al., 2015) . This diversity in isolate origins suggests that this bacterium has evolved various strategies to adapt and colonize multiple ecological niches in its human host. It has been shown that S. salivarius binds to various epithelial cell lines (Handley et al., 1987; Cosseau et al., 2008; Guglielmetti et al., 2010; Burton et al., 2013) , human salivary proteins (Kilian and Nyvad, 1990; Schenkels et al., 1993) and numerous oral microorganisms (Weerkamp and McBride, 1980; 1981; Handley et al., 1987; Nikawa et al., 2001; Levesque et al., 2003) . Adherence to these biological surfaces has been partly linked to the presence of cell wall-associated fimbriae and fibrils, however, the genes encoding the constituent proteins of these structures remain to be identified. Fimbriae have been shown to be responsible for adhesion of S. salivarius to cervicovaginal epithelial cells and coaggregation with Prevotella intermedia (Levesque et al., 2003; Burton et al., 2013) . Several structurally and functionally distinct types of antigenic fibrils have been reported on the cell surface of S. salivarius HB: long protease-resistant fibrils and three classes of much shorter glycoprotein fibrils, AgB, AgC and AgD (Handley et al., 1984; Weerkamp et al., 1986a,b) . These short glycoprotein fibrils have been shown to play distinct roles in adhesion to various host surfaces and coaggregation with other species (Weerkamp and McBride, 1981; Weerkamp and Jacobs, 1982) .
Serine-rich repeat (SRR) proteins have been identified as the structural component of Streptococcus parasanguinis fimbriae (Wu et al., 1998; Wu and Fives-Taylor, 1999) and Streptococcus cristatus fibrils (Handley et al., 2005) . SRR proteins are a family of large, glycosylated and surfaceexposed proteins. They are present in a diverse but small set of Gram-positive bacteria, including several Lactobacillus, Staphylococcus and Streptococcus species (Lizcano et al., 2012; Bensing et al., 2014) . SRR glycoproteins allow the bacteria to attach to a variety of host surfaces including platelet membranes (Bensing and Sullam, 2002; Plummer et al., 2005) , salivary and extracellular matrix molecules (Takamatsu et al., 2006) , endothelial and epithelial cells (Mistou et al., 2009; Shivshankar et al., 2009; van Sorge et al., 2009) and erythrocytes (Yajima et al., 2008) . They also mediate adhesion to other bacterial cells and contribute to biofilm formation (Sanchez et al., 2010) . As a consequence, they facilitate bacterial colonization of host tissues (Lizcano et al., 2012) and are involved in the development of tissue infections in pathogenic streptococcal species (Siboo et al., 2005; Xiong et al., 2008; Mistou et al., 2009; van Sorge et al., 2009; Sanchez et al., 2010) .
SRR glycoproteins are exported to the cell surface through a dedicated transport system (i.e., the accessory SecA2/Y2 system) (Lizcano et al., 2012; Bensing et al., 2014) and are covalently anchored to peptidoglycan by the housekeeping sortase, SrtA (Mistou et al., 2009) . SRR genes colocalize with the conserved secA2/Y2 genomic cluster, which encodes components involved in SRR protein glycosylation and export (Zhou and Wu, 2009; Feltcher and Braunstein, 2012; Lizcano et al., 2012) . In addition to genes encoding the SecA2 motor protein and membrane translocation complex formed by SecY2, the secA2/Y2 locus also comprises genes encoding the Asp1/ 2/3 chaperones that transport substrates to the translocon, a variable number of glycosyltransferases and, in some cases, the accessory Asp4/5 proteins (Takamatsu et al., 2005; Lizcano et al., 2012; Bensing et al., 2014; Bandara et al., 2016) . Glycosylation takes place in the cytoplasm and, depending on the species, is crucial for SRR protein production, stability or export (Zhou and Wu, 2009; Zhu et al., 2015b) . Glycosylation of SRR proteins is a sequential process in which GtfA/B are essential components. GtfA (also termed Gtf1) initiates the first step of the glycosylation process by transferring an N-acetylglucosamine (GlcNAc) residue to SRR proteins, whereas GtfB (also termed Gtf2) appears to act as a chaperone for GtfA for the glycosylation of its acceptor protein (Bu et al., 2008; Wu et al., 2010; Wu and Wu, 2011; Chen et al., 2016) . This first step is crucial as loss of GtfA/B prevents SRR protein glycosylation (Li et al., 2014) and related protein function (Stephenson et al., 2002; Peng et al., 2008; Zhou and Wu, 2009 ). Other secA2/Y2 encoded glycosyltransferases, such as GtfC (also termed Gtf3), are species-and strain-specific and exhibit accessory functions in the transfer of sugar residues to GlcNAc-modified SRR proteins (Mistou et al., 2009; Chaze et al., 2014; Zhu et al., 2015a) .
Bacteria with SecA2/Y2 systems produce a unique SRR glycoprotein. Here, we show that S. salivarius is unusual in that it produces three different large glycosylated surface exposed proteins (SrpA, SrpB and SrpC) that show characteristics of SRR glycoproteins and are secreted through the accessory SecA2/Y2 system. Our functional analyses of deletion mutants demonstrate that these SRR glycoproteins and the SecA2/Y2 system play a key role in several steps of the colonization processes. We found that secA2 and srpABC mutants showed impaired colonization in mice. Finally, our study of S. salivarius SRR protein biogenesis and modification revealed an atypical sequential glycosylation pathway in which two extra secA2/Y2 locusencoded glycosyltransferases were found to be essential for catalyzing the first step of the glycosylation process.
Results
The S. salivarius genome encodes three predicted SRR proteins
We performed a BlastP analysis using components of the SecA2/Y2 system from various species to identify candidate SRR proteins in the complete genome of the commensal S. salivarius strain JIM8777 (see Supporting Information Table S1 ). A single cluster of genes coding for proteins sharing high homologies with all components of a functional SecA2/Y2 system was identified (Fig. 1A) . This included the core set of seven essential genes consisting 3580 B. Couvigny et al. of secA2/Y2, asp1/2/3 and gtfA/B, together with the accessory asp4/5 and glycosyl transferase gtfC/D genes. Three genetically contiguous genes encoding non-homologous proteins were located immediately downstream of the secA2/Y2 locus (Fig. 1A ). These srpA/B/C genes were predicted to encode large (242, 224 and 282 kDa respectively) and serine rich (17%, 41% and 37% respectively) proteins (Fig. 1A) . As in previously characterized SRR proteins, the SrpA/B/C sequences contained an atypical Nterminal signal peptide followed by a short SRR domain (SRR1), a ligand-binding region (BR) and a long SRR domain (SRR2) containing a cell wall anchoring motif ( Fig.  1B ) (Lizcano et al., 2012; Bensing et al., 2014) . The presence of three SRR genes located downstream of the secA2/Y2 locus was not specific to strain JIM8777 and four out of the five other complete S. salivarius genomes available also displayed this feature (see Supporting Information Fig. S1 ). These analyses indicate that S. salivarius is the first Gram-positive bacterial species described with a genome encoding more than one SRR protein.
SrpA/B/C are expressed and surface-exposed
The identification of four putative promoters upstream of gtfC, srpA, srpB and srpC and four putative Rhoindependent transcriptional terminators downstream of gtfD (DG 5 212.9 kcal/mol), srpA (DG 5 210.1 kcal/mol), srpB (DG 5 211.2 kcal/mol) and srpC (DG 5 28.7 kcal/ mol) indicated that gtfC-srpC locus is composed of four transcriptional units ( Fig. 1A and Supporting Information Fig. S2 ). Measurements of transcript levels of genes gtfC, secY2, asp1, asp2, secA2 gtfA, gtfD, srpA, srpB and srpC by qRT-PCR revealed that all genes were transcribed during growth in laboratory conditions (Fig. 1C) . The high level of srpA is consistent with independent transcription of gtfC-gtfD region and the downstream srp genes. Furthermore, the approximately 6-and 14-lower level of srpB and srpC compared to that of srpA respectively, supports that srpA, srpB and srpC genes are transcribed independently. Production and localization of the three SRR proteins was evaluated using electron microscopy to compare the cell surface of wild-type S. salivarius with that of a set of inframe deletion mutants lacking one or more of the SRR genes or secA2 (see Supporting Information Table S2 ). No fibrils on the JIM8777 cell surface or surface variations between JIM8777 and mutant cells were observed after conventional fixation (see Supporting Information Fig. S3 ).
In contrast, trypsin-sensitive fibril-like structures partially covering the surface of JIM8777 were observed in the presence of ruthenium red, a stain employed to visualize glycoproteins (Handley et al., 1988; Waller et al., 2004) ( Fig. 1D and see Supporting Information Fig. S4 ). No fibrillike structures were detected on the cell surfaces of the DsrpABC and DsecA2 mutants. Finally, the DsrpA and DsrpC mutants were almost completely devoid of fibrils, and only sparse fibrils were detected on the DsrpB mutant surface. Similar results were obtained by scanning electronic microscopy ( Fig. 1D) . Together, these results indicate that the three S. salivarius JIM8777 SRR proteins -SrpA, SrpB and SrpC -are expressed, likely glycosylated, located at the cell surface and involved in cell surface fibrillar organization. Moreover, the extracellular location of these proteins depends on the SecA2 protein.
SrpA/B/C are glycoproteins and substrates of the SecA2/Y2 system
To confirm that SrpA/B/C are indeed glycoproteins and substrates of the SecA2/Y2 system, we constructed derivative strains of JIM8777 and of DsecA2 that expressed a secreted recombinant form of each SRR protein lacking the LPXTG peptidoglycan anchoring motif and containing a 9 amino acid hemagglutinin epitope tag (HA tag) integrated at the chromosomal locus (Fig. 1B) . The culture supernatants of the corresponding recombinant strains were analysed by Western blotting with an anti-HA antibody (Fig.  1E) . In wild-type cells expressing the truncated recombinant SRR proteins, major bands were detected at the 200-kDa position for SrpA 1000flag and SrpB 1022flag and at the 270-kDa position for SrpC 1662flag . These signals were lost from culture supernatants of the DsecA2 mutant (Fig. 1E) . Interestingly, we noted that the apparent molecular masses of the recombinant SrpA/B/C proteins were far greater than their predicted values (approximately 106, 104 and 170 kDa respectively) (Fig. 1E ). This finding provides further indication that the SSR variants are glycosylated: the glycan content of SRR proteins is known to alter their electrophoretic mobility, leading to a slower migration pattern and to detection of protein bands with a higher apparent molecular mass (Takamatsu et al., 2004; Mistou et al., 2009; Yen et al., 2011; Chaze et al., 2014) . As SrpA was expressed at a higher level than SrpB and SrpC, the band representing SrpA 1000flag was excised and digested with trypsin, and the resulting peptides extracted and subjected to liquid chromatography coupled to mass spectrometry analysis (LC-MS/MS). Analysis of the LC-MS/ MS spectra of the truncated SrpA 1000flag variant revealed the presence of glycosylated peptides in only the SRR1 (1 glycopeptide, residues 176-220) and SRR2 (8 different glycopeptides, residues 814-1009) domains (see Supporting Information Table S3 and Fig. S5 ). Three types of monosaccharide unit were linked to these peptides: hexose (Hex), N-acetylhexosamine (HexNAc) and O-acetyl-Nacetylhexosamine (O-AcHexNAc). Strikingly, no masses corresponding to the non-glycosylated forms of these glycopeptides were detected, indicating that at least one of the serine/threonine residues on the peptides was glycosylated. The SRR1 domain harboured the highest glycosylation diversity, with 24 different glycan combinations. For the 8 peptides located in the SRR2 domain, the maximum number of HexNAc and O-AcHexNAc residues anchored to a peptide sequence was close to the number of serine/threonine residues in the sequence. This observation suggests that these peptides contain either HexNAc or O-AcHexNAc modifications, as shown for Srr1 of S. agalactiae (Chaze et al., 2014) , and that all serine and threonine residues located in the C-terminal SRR2 domain are glycosylated. Glycosylation with a Hex residue was found only on peptides carrying at least 3 HexNAc residues, suggesting that HexNAc modification is a prerequisite for Hex glycosylation. Finally, the shared homology between the fragments we identified as being glycosylated in SrpA and the SRR1 and SRR2 domains of SrpB and SrpC suggests that these regions are glycosylated in all three SRR proteins (see Supporting Information Table S4 ). These findings, in conjunction with our microscopic observations, indicate that SrpA, SrpB and SrpC are glycosylated and are substrates of the SecA2/Y2 system in S. salivarius JIM8777.
SrpB and SrpC promote adhesion of S. salivarius JIM8777 to various host-derived surfaces
We first evaluated the adhesive properties of the wild-type strain on a variety of substrates. As shown in Fig. 2 , strain JIM8777 interacted with a wide range of biological substrates, including various epithelial cell lines (HT-29, FaDu, Hep-2, A584) and proteins of the extracellular matrix (ECM) (i.e., laminin, fibronectin, collagen type IV, mucin type 2, elastin). No interactions with these biological substrates were observed for the DsecA2 and the triple DsrpABC mutants (Fig. 2) . Similar experiments were then conducted with single SRR mutants to determine the individual adhesive functions of each of the SRR proteins. Interestingly, we found that SrpB and SprC conferred distinct adherence profiles to host substrates. SrpB was mainly responsible for adhesion to epithelial cells ( Fig. 2A) , whereas SrpC promoted adherence to ECM proteins ( Fig.  2B ). Although the differences in adherence to epithelial cells between JIM8777 and strains DsrpA and DsrpC were statistically significant (P < 0.005) ( Fig Student's paired t test was used for statistical analysis (**** P < 0.0001, *** P < 0.0005, ** P < 0.005).
the mutants only decreased by a maximum of threefold compared to wild-type and, therefore, these changes were not considered as biologically relevant. In summary, two out of the three S. salivarius SRR proteins were found to have distinct adhesive functions: SrpC is one of the microbial surface components recognizing adhesive matrix molecules expressed by strain JIM8777 and SrpB is an adhesion with a wide cellular tropism.
SrpB participates in auto-aggregation and SrpA/B/C contribute to biofilm architecture When JIM8777 cells were grown in liquid medium, macroscopic aggregates were formed and rapidly fell to the bottom of the tube (Fig. 3A) . Deletion of secA2, srpABC or srpB drastically impaired formation these auto-aggregates, showing that SrpB is responsible for suspended autoaggregate formation in S. salivarius JIM8777 (Fig. 3B ).
The SRR protein expressed by S. pneumoniae, PsrP, has been shown to be important for formation of biofilms and biofilm-like auto-aggregates (Sanchez et al., 2010) . To examine whether SRR glycoproteins from S. salivarius contribute to biofilm formation, we compared biofilms formed in microplates by wild-type, secA2 and SRR mutant strains by confocal microscopy (Fig. 3CD) . After 5 h of sessile growth, JIM8777 formed a relatively dense biofilm that covered the entire available surface. Loss of the SecA2 or SRR proteins altered biofilm architecture: biofilms formed by the DsecA2, DsrpABC, DsrpB and DsrpC strains were more compact and thinner than JIM8777 biofilms and the biomass, biovolume and maximum surface coverage of DsrpA biofilms were significantly reduced (P < 0.0005). These findings show that SrpB is an intra-species adhesin and that the SrpA/B/C proteins contribute to the tridimensional biofilm architecture of S. salivarius. ) , maximum coverage (%) and maximum height (mm) were normalized against values obtained for JIM8777 and measured for each strain in nine different CLSM image stacks from two independent experiments. Student's t test was used for statistical analysis (**** P < 0.0001, *** P < 0.0005, ** P < 0.005, * P < 0.05).
SecA2 and SrpA/B/C are required for transient colonization in mice
Having shown that the SRR glycoproteins of S. salivarius contribute to biofilm formation and adhesion to host surfaces and molecules in vitro, we hypothesized that they would be involved in S. salivarius colonization of mucosal surfaces in vivo. Wild-type, DsecA2 and DsrpABC strains were tested in a mouse model to evaluate their ability to colonize the gastrointestinal (GI) tract after clindamycin treatment (Fig. 4) . The wild-type JIM8777 strain transiently colonized the GI tract, reaching a maximum level of 8 3 10 7 colony-forming units (CFU)/ml one day after oral inoculation. Conversely, intestinal colonization was impaired for the DsecA2 and DsrpABC strains. The loss of SecA2 or SrpA/B/C significantly reduced the level of transient colonization by 100-fold after one day. Consistently, both mutant strains were below the level of detection four days after inoculation, whereas the wild-type strain was still detectable 11 days post-inoculation.
The extra secA2/Y2 locus GtfE/F glycosylate SrpA, SrpB and SrpC
To identify the proteins involved in the glycosylation of the S. salivarius SRR proteins, we generated in-frame deletions of each of the genes of the secA2/Y2 locus and we analysed the adhesive properties of the corresponding mutant strains. With the exception of the gtfC, gtfAB, gtfABC and gtfD mutant strains, the capability of all other secA2/Y2 locus mutants to form auto-aggregates and to bind to HT-29 was drastically reduced in a similar manner to that observed for the DsrpB strain ( Fig. 5A and B) . These results confirmed the phenotypic relationship between the export machinery components (i.e., SecA2/Y2, Asp1/2/3/4/ 5) of the SecA2/Y2 system and the SRR proteins. They also revealed that the secA2/Y2 encoded glycosyltransferases (i.e., GtfA/B/C/D) are dispensable, suggesting either that the role of the secA2/Y2 locus-encoded glycosyltransferases is redundant, or that other glycosyltransferases are involved in glycosylation of SRR proteins in S. salivarius JIM8777. Given the crucial role of GtfA/B in initiating the first step of the sequential glycosylation process of other SRR proteins (Stephenson et al., 2002; Mistou et al., 2009) , we searched for GtfA/B paralogues in the S. salivarius JIM8777 genome. We identified two additional proteins that were close homologues of GtfA/B from other various species (see Supporting Information Table S5 ). The corresponding genes, gtfE and gtfF, are genetically linked and localized outside of the secA2/Y2 locus. Moreover, the GtfE sequence contains the DUF1975 domain and the GT-B fold, which are essential for GtfA activity (Wu and Wu, 2011; Shi et al., 2014) . On the basis of these findings, we hypothesized that GtfE/F were involved in SRR protein glycosylation in S. salivarius. To test this, we deleted the gtfEF locus and compared the migration of the recombinant truncated form of each of the three SRR proteins in the wild-type and mutant strains DgtfAB and DgtfEF (Fig. 5D) .
No variation was detected in the migration pattern of the SrpA 1000flag and SrpC 1662flag bands from the DgtfAB extracts compared to those from the wild-type supernatants. In contrast, a positional shift of SrpB 1022flag was observed. This result confirms that the SrpB variant is a glycoprotein and provides the first indication that GtfA/B contributes to its glycosylation. The three SRR variants from samples derived from the gtfEF deletion mutant presented the fastest migration pattern, with an apparent molecular mass close to their theoretical size. We thus concluded that GtfE/F, and to a lesser extent GtfA/B, are involved SSR glycosylation. Accordingly, the DgtfEF mutant displayed significant auto-aggregation and HT-29 adhesion defects (Fig. 5C ). Together, these findings demonstrate that the extra secA2/Y2 locus-encoded glycosyltransferases, GtfE/F, participate in glycosylation of the three S. salivarius SRR proteins. Our results also strongly suggest that GtE/F intervene early in the glycosylation process.
GtfE/F are responsible for GlcNAc deposition onto SrpA, SrpB and SrpC
To examine whether GtfE/F function in the same manner as their GtfA/B homologues from S. agalactiae and S. gordonii by catalyzing the first step of SRR protein glycosylation through the incorporation of GlcNAc residues (Takamatsu et al., 2004; Mistou et al., 2009; Chaze et al., 2014; Chen et al., 2016) , we analysed the supernatants of cells expressing SRR variants by Western blotting with succinylated wheat germ agglutinin (sWGA), a lectin specific for GlcNAc (Fig. 5E ). Several bands from the culture supernatants of the wild-type strain reacted with sWGA, indicating that several secreted proteins bear GlcNAc moieties. The band corresponding in size to the glycosylated SRR variants was not detected in the supernatant from DsecA2 (Fig. 5E, asterisks) . In the DgtfAB mutant, the band corresponding to SrpB 1022flag shifted in a similar manner to that observed with anti-HA antibodies. Strikingly, sWGA failed to recognize any secreted proteins in the DgtfEF mutant. These results show that GtfE/F is crucial for the transfer of GlcNAc residues to the three SRR polypeptide variants, as well as to other S. salivarius secreted proteins.
Discussion
The serine-rich repeat (SRR) glycoproteins produced by Gram-positive bacteria have emerged as important adhesins involved in numerous biological and infectious processes (Lizcano et al., 2012) . So far, only one SRR protein-encoding gene has been described for each bacterial strain. Here, as depicted in Fig. 6 , we report that S. salivarius harbours three genes, srpA/B/C, which we show unequivocally code for SRR proteins. Indeed, we found that srpA/B/C are genetically linked to the conserved secA2/Y2 gene cluster, which is dedicated exclusively to the biogenesis and export of SRR proteins in Grampositive bacteria. The primary sequences of the SrpA/B/C proteins display all the defining features of members of the SRR glycoprotein family (Lizcano et al., 2012; Bensing et al., 2014; Prabudiansyah and Driessen, 2016) . In addition to our in silico predictions, we demonstrated that SrpA/B/C are glycoproteins exported by the SecA2/Y2 Relative % auto-aggregation * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * Additional bands correspond to other sWGA-reactive secreted proteins. Student's t test was used for statistical analysis (**** P < 0.0001, *** P < 0.0005, ** P < 0.005, * P < 0.05). The secA2/Y2 locus of Streptococcus salivarius encodes the three SRR glycoproteins SrpA, SrpB and SrpC. Unlike previously established mechanisms in streptococci, the first step of O-GlcNAcylation of serine and threonine residues of the S. salivarius SRR proteins involves GtfE/ F, two glycosyltransferases encoded outside of the secA2/Y2 locus. Further glycosylation steps involve glycosyltransferases GtfA/B and most probably GtfC and GtfD, encoded by the secA2/Y2 locus. The resulting glycosylated proteins are secreted by the dedicated SecA2/Y2 pathway and anchored to the cell wall by the housekeeping sortase, SrtA. The surface-exposed glycoproteins function as complementary adhesins in auto-aggregation, biofilm formation and adhesion to host epithelial cells and components of the extracellular matrix. They are thus key adhesins for host colonization. Abbreviations: C, cytoplasm; CM, cell membrane; CW, cell wall; PS, polysaccharides; GlcNAc, N-acetylglucosamine; Hex, hexose; O-AcHexNAc, O-acetylated-N-acetylhexosamine. system to the bacterial cell surface where they form fibrillike structures. Similar observations have been made for other SRR proteins from various species (Wu and FivesTaylor, 1999; Handley et al., 2005; Ramboarina et al., 2010) . Production of three SRR proteins is a costly strategy in terms of consumption of bacterial cell resources: in addition to being large and glycosylated, the S. salivarius SRR proteins require a specific secretion pathway that involves a variety of components. The presence of three SRR proteins would, therefore, be expected to confer a selective advantage to S. salivarius species. We showed that loss of SrpABC or SecA2 impaired intestinal colonization of the pioneer colonizer and commensal bacterium S. salivarius in a murine model, suggesting that the accessory SecA2/Y2 pathway and its substrates are important for host colonization. Accordingly, our in vitro analyses indicate that the SRR proteins play an important role in several steps of the colonization process (auto-aggregation, biofilm formation and adhesion to host cells and components). At least two out of the three SRR proteins were shown to mediate attachment to biological surfaces by distinct means. We showed that SrpB is implicated in auto-aggregation and adhesion to various human epithelial cell lines, including cells originating from the upper part of the digestive tract such as the pharynx, and those from the lung, intestine and cervix. SrpC was found to bind to MUC2, a glycoprotein found in saliva and on mucosal surfaces of the ileum and colon (McGuckin et al., 2011) , and to various proteins of the extracellular matrix including fibronectin, laminin, elastin and collagen type IV. Adhesion of S. salivarius to some of these biological surfaces has been described previously (Schenkels et al., 1993; Guglielmetti et al., 2010; Burton et al., 2013; Couvigny et al., 2015a) . In our study, we have identified the bacterial factors involved in these interactions and showed that these factors mediate adhesion to a broad range of substrates. As no adhesion phenotype was observed as a result of defects in SrpA production or export, the biological function and adhesion partners of the SrpA protein remain to be identified. Although we cannot exclude the possibility that SrpA binds cell lines, ECM or components other than those tested in this study, SrpA may be involved in attachment to other biological surfaces. Noticeably, coaggregation with some oral microorganisms depends on surface-exposed fibrils expressed by S. salivarius strain HB (Weerkamp and McBride, 1980; 1981; Weerkamp and Jacobs, 1982) . These fibrils are composed of three uncharacterized high molecular mass glycoproteins (Weerkamp and Jacobs, 1982; Weerkamp et al., 1986a,b) AgB, AgC and AgD -with characteristics akin to those of SrpA/B/C from S. salivarius JIM8777. Moreover, like SrpB, AgC is involved in adhesion to host surfaces (Weerkamp and Jacobs, 1982) . Whereas the binding specificity of AgD is still unknown, AgB has been identified as the factor that mediates coaggregation between S. salivarius and Veillonella species (Weerkamp and McBride, 1980; 1981; Weerkamp and Jacobs, 1982) . Further studies are required to determine whether SrpA is an inter-species adhesin but if this is correct, the three SRR proteins of S. salivarius may function as complementary surface adhesins playing distinct ecological roles in host colonization.
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Our study also led to identification of several unique features of the SSR protein glycosylation pathway in S. salivarius. Glycosylation plays a central role in SRR protein biogenesis and activity (Mistou et al., 2009; Zhou and Wu, 2009; Lizcano et al., 2012) . SRR protein glycosylation is a sequential multistep process, commonly performed by secA/Y2-encoded glycosyltransferases and initiated by GtfA/B (also known as Gtf1/2) (Wu et al., 2010; Wu and Wu, 2011) . We provided converging lines of evidence showing that two extra secA2/Y2 locus-encoded proteins, GtfE/F, are essential for catalyzing the first O-GlcNAcylation step of the process. Firstly, we found that GtfE/F are close homologues of GtfA/B and Gtf1/2 from other streptococcal and staphylococcal species respectively, suggesting that they would have similar activities. Secondly, deletion of GtfE/F not only drastically altered the electrophoretic mobility of the SrpA, SrpB and SrpC variants, but also abolished the incorporation of GlcNAc residues into the glycopeptides, showing that GtfE/F are crucial for glycosylation of SRR proteins in S. salivarius. In contrast, deletion of gtfAB had no detectable effect on the incorporation of GlcNAc residues and affected to a lesser extend the electrophoretic mobility of glycosylated SrpB, indicating that GtfA/B plays an accessory role in the subsequent glycosylation steps of SRR glycoprotein synthesis. Finally, given that glycosylation is crucial for SRR protein stability, we found that loss of GtfE/F decreases adhesion of S. salivarius to HT-29 and impairs auto-aggregation. Lectin blotting experiments revealed that the S. salivarius culture supernatant contained other proteins, in addition to the SRR protein variants, that specifically reacted with sWGA. We showed that secretion of these sWGA-reactive proteins does not depend on the SecA2/Y2 system. However, deletion of gtfEF abolished all detectable sWGAspecific signals, indicating that GtfE/F also play a critical role in the glycosylation of these other sWGA-reactive secreted proteins. A similarly broad O-GlcNAcylation activity has been attributed to TagE5/E6 from Lactobacillus plantarum WCFS1, which have been shown to glycosylate numerous proteins isolated from whole-cell extracts (Lee et al., 2014) . Interestingly, among the Lb. plantarum WCFSI proteome, TagE5/E6 represent the closest homologs of GtfEF. We have shown that GtfE/F do not target the cell-wall anchored SRR proteins specifically, but rather modify a broad range of secreted proteins. It remains to be determined why SRR protein glycosylation in S. salivarius depends on a pair of extra secA2/Y2 locus-encoded glycosyltransferases rather than on the GtfA/B enzymes involved in the glycosylation of other SRR glycoproteins. One hypothesis is that the bacterium needs to coordinate glycosylation and hence functionality of several glycosylated molecules implicated in the interaction with the host.
To our knowledge, S. salivarius is one of the streptococcal species that displays the largest number of both extracellular components and glycosyltransferases, emphasizing its high genetic potential for interactions with the environment (Delorme et al., 2015) . Our results, and those of others, clearly highlight the remarkable capability of this bacterial species to interact with an extremely wide range of biological substrates. This characteristic reflects the ecological importance of physical interactions in the lifestyle of this bacterium and may provide a partial explanation for its early establishment within the first few days of life and its presence in many sites of the human body (Delorme et al., 2015) . The ability of S. salivarius to bind epithelial cells, various host-derived extracellular molecules and a variety of early, middle and late colonizers, positions the bacterium as a pivotal species for microbial community establishment and development. Given that SRR proteins mediate many of these interactions, they emerge as crucial host attachment factors involved in colonization of mucosal surfaces. Interestingly, some interactions between the commensal bacterium S. salivarius and its host utilize similar factors to those described for pathogen-host interactions. Given that S. salivarius-host interactions result in a beneficial partnership between the human host and this bacterial species, a more detailed understanding of these interactions is required, together with characterization of the glycosylation pathways and further investigation into how glycosylation modulates the biological function of S. salivarius-host interactions.
Experimental procedures
Bacterial strains, plasmids and growth conditions
Bacterial strains and plasmids used in this study are listed in Supporting Information Table S2 . Plasmids derived from pJIM2242, pGhost9 and pUN121 were constructed in Escherichia coli DH10B. E. coli was grown as described previously (Couvigny et al., 2015a) . S. salivarius strains were grown at 378C in M17 medium containing 1% glucose, without shaking. Ampicillin (100 lg ml 21 for E. coli), erythromycin (100 lg ml 21 for E. coli, 5 lg ml 21 for S. salivarius) or kanamycin (25 lg ml 21 for E. coli, 1000 lg ml 21 for S. salivarius) were added to the medium as required.
DNA and RNA manipulation procedures and real-time quantitative RT-PCR
General molecular biology techniques and electrotransformation of E. coli were performed as described previously (Sperandio et al., 2010) . PCRs were performed with PhusionV R high-fidelity DNA polymerase (Finnzymes, Espoo, Finland) . The primers used in this study are listed in Supporting Information Table S2 . PCR products and DNA restriction fragments were purified with QIAquick kits (Qiagen). Plasmids were purified using the QIAprep Miniprep kit (Qiagen). RNA isolation, cDNA synthesis and quantitative PCR were carried out as described previously (Sperandio et al., 2010) . For each gene, qRT-PCR experiments were performed in triplicate on samples from two independent exponentially growing cultures of S. salivarius JIM8777. Results were normalized against the DNA gyrase subunit A coding gene (SALIVA_1274).
Construction of deletion strains by natural transformation
Mutant derivatives of strain JIM8777 were constructed by exchanging the ORF of a target gene (sequence between the start and stop codon) for an erythromycin or kanamycin resistance cassette devoid of a transcriptional regulatory region (e.g., promoter or terminator), as described previously (Couvigny et al., 2015a) . After XIP-induced transformation, integration of the antibiotic cassette at the appropriate location was verified by PCR (Supporting Information Table S6 ). To exclude the possibility that a polar mutation was having an effect on the surrounding genes, we checked that deletion of asp2 had no impact on the transcription of the gtfC, secY2, asp1, secA2, gtfA, gtfD, srpA, srpB and srpC genes (see Supporting Information Fig. S6 ).
Construction of SRR protein variants
Truncated srpA, srpB and srpC genes carrying a HA tag coding sequence at their 3' terminus were generated from the S. salivarius JIM8777 chromosome by PCR with specific primer pairs (see Supporting Information Table S6 ). The amplified fragments were ligated into the SmaI site of plasmid pUN121, which was then fused with the integration vector pJIM2242 in EcoRI. The resulting plasmids were introduced into the chromosome of strain JIM8777 at the corresponding locus by a single crossover event after XIP-induced transformation (Couvigny et al., 2015a) .
SDS-PAGE, Western and lectin blotting, and immunodetection
The culture supernatants containing secreted SRR protein variants were harvested from overnight S. salivarius cultures by centrifugation (5000 g, 5 min, 48C) and filtering through 0.22 mm SteriFLIP filters (Millipore). They were then concentrated around 50-fold using AmiconV R Ultra-15 10 000 molecular weight cut-off filters (Millipore). The protein concentrations of the supernatants were determined using the Bradford protein assay (Bio-Rad). Proteins were resolved on precast NuPAGE Novex 3%-8% Tris-Acetate Gels (Life technologies) and were either visualized by Coomassie brilliant blue R-250 (Bio-Rad) staining or transferred to PVDF Hybond membranes (Amersham). Membranes were then washed three times in phosphate-buffered saline with Tween 0.1% (PBS-T) and blocked in PBS-T, 5% BSA (PBS-T-B) for 120 min before being incubated overnight at 48C with rabbit anti-HA tag antibodies (ab9110, Abcam; diluted 1:1000 in PBS-T-B). After three 10 min washes in PBS-T, membranes were then incubated for 30 min with HRP-conjugated goat polyclonal anti-rabbit IgG secondary antibodies (ab6721, Abcam; 1:5000) and imaged using the ChemiDoc MP imaging system (Bio-Rad). Succinylated wheat germ agglutinin (sWGA) lectin conjugated to fluorescein (Vector laboratories, Burlingame, CA) was used at a dilution of 1:1000. Membranes were scanned for fluorescence using the Odyssey infrared imaging system (LI-COR Biosciences).
LC-MS/MS (HCD) of SrpA tryptic digests
Analysis of peptides and glycopeptides was performed on a nanoLC-Ultra Eksigent system connected to a Q Exactive mass spectrometer (Thermofisher Scientific) with X!tandem Pipeline tools (http://pappso.inra.fr/bioinfo/xtandempipeline/) for the identification of unmodified tryptic peptide sequences from the SrpA protein. The glycopeptides were assigned manually by inspecting the corresponding MS and MS/MS spectra. Only glycopeptides with a deviation between the measured and calculated masses of less than 7 ppm (see Supporting Information and Supporting Information Table S3) were considered.
Cell culture and in vitro cellular adhesion assays
The human epithelial cell line HT-29 (colon adenocarcinoma; ATCC HTB-38) was cultured in Roswell Park Memorial Institute medium (RPMI-1640) supplemented with glutamine (2 mM), penicillin (50 U/ml), streptomycin (50 U/ml) and 5% (v/v) fetal calf serum (FCS; Lonza, Switzerland) at 378C in a 5% CO 2 atmosphere. The human epithelial cell lines Hep-2 (cervix; HeLa contaminant; ATCC CCL-23), FaDu (pharynx; ATCC HTB-43) and A549 (lung; ATCC CCL-185) were cultured in Dulbecco's modified Eagle medium supplemented with glutamine (2 mM), 1X penicillin (50 U/ml), streptomycin (50 U/ml) and 10% (v/v) FCS (Lonza). Cells were incubated in 10% CO 2 at 378C and were seeded at a density of 3 3 10 5 to 4 3 10 5 cells per well in 24-well tissue culture plates. Monolayers were harvested after 24-48 h of incubation and were washed twice with the cell line culture medium before the adhesion assay. Exponentially growing bacteria (OD 600 5 0.9) were collected by centrifugation, washed with PBS and resuspended in RPMI medium to an OD 600 5 0.450. Epithelial cells were infected at a multiplicity of infection (MOI) of 50 bacteria per cell for 30 min at 378C after centrifugation of the bacteria onto the monolayer (300 g, 10 min, 48C). The monolayers were then washed extensively four times with PBS, and the cells were disrupted by the addition of 0.5 ml of sterile PBS Triton 0.5% and repeated pipetting. Serial dilutions of the lysate were plated on M17 agar for counting of viable bacteria. The percentage adherence was calculated as follows (CFU on plate count/CFU in original inoculum) 3 100. Experiments were repeated at least three times, each in duplicate.
Electron microscopy
For transmission electron microscopy, pellets of exponentially growing bacteria were fixed with two volumes of 2% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2, and one volume of ruthenium red for 1 h at room temperature. After a further overnight incubation in the presence of ruthenium red, the samples were post-fixed with two volumes of 1% osmium tetroxide and one volume of ruthenium red, overnight. Pellets were then dehydrated in ethanol (30%-100%), and substituted gradually in a propylene oxide-Epon mix and embedded in Epon. Thin sections (70 nm) were collected onto 200 mesh copper grids, and counterstained with lead citrate. Grids were examined with a Zeiss EM902 electron microscope operated at 80 kV (Carl Zeiss -France). Images were acquired and analysed at the microscopy and imaging platform (MIMA2; http://www6.jouy.inra.fr/mima2). For scanning electron microscopy, exponentially growing bacteria were harvested and washed in PBS before fixation for 1 h at room temperature in a solution containing 2.5% glutaraldehyde in 0.2 M sodium cacodylate buffer, pH 7.4. Fixed samples were then treated as previously described (Oxaran et al., 2012) . Scanning electron microscopy analyses were performed at the MIMA2 platform.
Quantification of bacterial binding to ECM and mucus proteins
Analysis of adhesion of S. salivarius to MUC2 (M2378, Sigma), MaxGel ECM (E0282, Sigma), fibronectin (F0162, Sigma), collagen I (C3867, Sigma), collagen IV (C8374, Sigma), laminin (L2020, Sigma) and elastin (E7152, Sigma) was performed as follows. Wells of 24-well plates were coated with a solution of 20 mg/ml of test protein per well in 100 mM Tris-HCl (pH 8.0) buffer and allowed to bind overnight at 48C. Unbound protein was removed and exponentially growing bacteria (OD 600 5 0.9) were collected by centrifugation and washed with PBS. Approximately 1 3 10 8 bacteria were added to each well, and the plate was incubated at 378C for 0.5 h after centrifugation (300 g, 10 min, 48C). After washing three times with PBS, the adherent cells were removed with trypsin (0.5 mg/ml) and serial dilutions were plated onto M17 agar plates for counting of viable adherent bacteria. The percentage adherence was calculated as follows (CFU on plate count/CFU in original inoculum) 3 100. Experiments were repeated at least three times, each in duplicate.
Auto-aggregation assays
The ability of bacterial cells to auto-aggregate was assessed by a spectrophotometric procedure (Handley et al., 1987) . Stationary-phase cells from overnight cultures were centrifuged, washed once with PBS and re-suspended in aggregation buffer to an OD 600 5 0.5 6 0.05 (Burton et al., 2013) . To determine the percentage of auto-aggregation, bacterial suspensions were placed in a glass test tube, vortexed, and the suspensions immediately transferred to a cuvette at room temperature (20 6 18C). The OD 600 of the bacterial suspensions was monitored at various time points and the percentage auto-aggregation was expressed as follows: (1 2 OD t3 /OD t0 ) 3 100, where OD t3 represents the optical density of the suspension after 3 h and OD t0 the optical density at time zero. Experiments were repeated at least three times, each in duplicate.
Biofilm formation
Biofilms were grown in microscope grade mclearV R base 96-well plates (Greiner Bio-one, France) and analysed by confocal laser scanning microscopy (CLSM) as described previously (Couvigny et al., 2015a) . Briefly, surface-associated bacteria were fluorescently labelled with 5 mM Syto9 (Invitrogen, France) and analysed at the MIMA2 platform. Three independent experiments were performed for each strain. Three-dimensional projections of the biofilm structures were reconstructed using the Easy 3D function of the IMARIS 7.0 software (Bitplane, Switzerland). Extraction of quantitative biofilm geometric descriptors from CSLM series was performed with the PHLIP Matlab-based image analysis toolbox (Mueller et al., 2006) .
Mouse model colonization
All animals were handled in strict accordance with good animal practice guidelines, as defined by the local animal welfare bodies (Unit e IERP, INRA Jouy-en-Josas, France), and all animal work was carried out under the authority of a license issued by the Direction des Service V et erinaires (accreditation number A78-187 to LR-G) and approved by the appropriate local ethic committee (authorization number 12/081). Experiments were performed using specific pathogen-free male CF-1 mice (Harlan, USA), aged 6-8-weeks, as described previously (Rigottier-Gois et al., 2015) . Briefly, a total of 5 mice are housed in each cage and fed with autoclaved food and water ad libitum. A dose of 1.4 mg/day of clindamycin was administered subcutaneously daily for three days. One day later, 2 3 10 9 CFU of bacteria in 0.1 ml of 0.9% saline solution were administered by orogastric inoculation using a feeding tube (Ecimed). Stool samples were collected at baseline, after 4 and 6 h and 1, 4, 6, 8 and 11 days after orogastric inoculation of the strains.
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Additional Supporting Information may be found in the online version of this article at the publisher's web-site: Fig. S1 . Genetic organization of loci encoding the SecA2/ Y2 system and SRR glycoproteins in Streptococcus salivarius. In addition to the SRR protein encoding genes (blue arrows), these loci also contain the secA2 and secY2 genes (red arrow), asp1/2/3/4/5 genes (yellow arrows) and a variable number of glycosyltransferases encoding genes (green arrows). Picture was generated with context draw tool (http://genome2d.molgenrug.nl/index.php/draw-genome-context) and the lengths of genes and intergenic regions are drawn to scale. Fig. S2 . Nucleotide sequence of the promoter/terminator region of gtfC, gtfD, srpA, srpB and srpC of S. salivarius JIM8777. The start codon of gtfC, gtfD, srpA, srpB and srpC is indicated in italics. Potential Rho-independent transcriptional terminators (red) were predicted by ARNold (http://rna.igmors.u-psud.fr/toolbox/arnold/). Inverted repeat sequences are underlined. The potential 210 and extended 210 boxes for each promoter (blue) were manually determined. Analysis was performed from the NCBI reference Sequence NC_017595.1 (annotation 03/30/2017) Fig. S3 . Transmission electron micrographs of S. salivarius strains. Samples were conventionally stained with osmium tetroxide. Scale bars, 0.2 lm. Fig. S4 . The fibril-like structure covering the surface of S. salivarius JIM8777 is of glycoproteinaceous nature. Transmission electron micrographs of S. salivarius JIM8777 not treated (left panel) or treated (right panel) with trypsin (10 lg/ml, 10 min, 378C) and stained with Red Ruthenium. Scale bars, 0.2 lm. Fig. S5 . Annotation of SrpA sequence. Fig. S6 . Deletion of asp2 of the secA2/Y2 locus of S. salivarius JIM8777 does not alter transcription of surrounding genes. Transcript fold change of several genes of the secA2/Y2 locus of S. salivarius in mutant strain Dasp2 (JIM9307) versus wild-type strain (JIM8777). Table S1 . Amino acid homology between components of the SecA2/Y2 system from various species and S. salivarius JIM8777. Table S2 . Bacterial strains and plasmids. Table S3 . Numbers of hexose (Hex), N-acetylhexosamine (HexNAc) and O-acetyl-N-acetylhexosamine (O-AcHexNAc) on trypsinized SrpA1000 peptides isolated from S. salivarius JIM9636. Table S4 . Amino acid homology of identified SrpA glycopeptides with SrpB and SrpC protein sequence (Blastp result). Table S5 . Best hits for GtfA and GtfB from various species of S. salivarius JIM8777 proteome. 
